A native PSI complex and a PSI core complex have been isolated from the halophilic green alga, Dunaliella salina. The composition and properties of these complexes are similar to previously described PSI complexes from spinach membranes. By growth on "4C-
Our understanding of the structure of reaction center complexes from photosynthetic membranes has advanced rapidly in recent years as the structure of the reaction center complex from photosynthetic bacteria has been elucidated (1, 9) . In the case of chloroplast PSII, the isolation of a reaction center complex (23) as well as the clarification of the structural homology between PSII and the bacterial reaction center has yielded a model for protein and chromophore organization in PSII (4, 21) . In contrast to these photochemical systems, no reaction center complex comparable in purity to the bacterial or PSII preparation has been isolated for PSI and fundamental questions relating to the structure of the latter still remain (20) . While numerous PSI preparations from a variety of sources have been described (20) , the function of specific polypeptide subunits in the complex and the stoichiometry of these subunits remain unknown. Three groups have previously reported PSI subunit stoichiometries, in complexes isolated from green algae (24) , cyanobacteria (18) , and higher plants (7, 13) . These groups have employed different methods of analysis and have come to different conclusions concerning subunit stoichiometry. Most significantly, the number of high mol wt subunits has varied from two to four copies per PSI complex. A determination of this value is crucial in developing specific models for Chl and electron transfer component organization in PSI.
We have recently investigated the subunit stoichiometry ofthe PSI complex isolated from the aquatic higher plant, Lemna (8) .
Using '4C-uniformly labeled PSI complexes, we have extended this series of investigations to PSI complexes from the green alga, Dunaliella, for a number of reasons. First, this alga can be grown in a simple medium with NaHCO3 as its sole carbon source, and this allows uniform labeling of all cellular components with high specific activity NaH'4CO3. Second, photosynthetic membranes ' Supported in part by a grant from the National Science Foundation (DMB-871 1206).
suitable for the preparation of electron transfer complexes can be readily isolated from this alga because of the absence of a cell wall. Finally, we have been able to isolate both a PSI complex and a Cyt b6-f complex from the same uniformly labeled cells, and this has permitted an estimation of the minimum mol wt of the PSI complex on a protein basis. This approach has led to more accurate determination of PSI subunit stoichiometry than has been obtained in previous studies.
MATERIALS AND METHODS
Culture Conditions. Dunaliella salina, obtained from Dr. Uri Pick (Rehovot, Israel), was grown in a medium containing 1.5 M NaCl (27) . The high salt concentration allowed cells to be cultured in nonsterile medium. Cultures were grown at 25°C in incandescent light with an intensity of 50 gmol m2' s-'. For growth on NaH'4CO3, the NaHCO3 concentration in the medium was lowered from 20 to 10 mm and 1.0 to 1.5 mCi of NaH"4CO3 ( X-100 from a 20% (w/v) stock solution was added to give a final concentration of 0.5%. The suspension was incubated at 25°C for 30 min with gentle mixing and then centrifuged at 38,000g for 10 min. The supernatant solution contained the solubilized PSI complex as well as other Chl-protein complexes. This solution was applied to a linear sucrose gradient (0.4-1.0 M) overlaid on a 2 M sucrose cushion. All sucrose solutions contained 0.02% Triton X-100. Gradients were prepared in Spinco SW 27 tubes and these were subsequently centrifuged at 27,000 rpm for 17 h. At the end of this time, the PSI complex was present as a dark green band layered on the 2 M sucrose cushion. The material was collected and stored in aliquots at -20°C. Polyacrylamide Gel Electrophoresis. SDS-PAGE under fully denaturing conditions was done using a Laemmli system (16) with a 10 to 20% gradient resolving gel and a 4% stacking gel. Samples were solubilized prior to electrophoresis by heating at 55°C for 20 min in a solution containing 50 mm Tris-HCl buffer (pH 6.8), 5% ,-mercaptoethanol, 10% glycerol, 2% SDS, and 0.01% bromophenol blue.
Electrophoresis was done for 14 to 18 h at a constant current of 8 mamp. Gels were stained with Coomassie brilliant blue or prepared for autoradiography by drying (see below). Mol wt of polypeptides were determined using a BioRad low mol wt calibration kit.
Quantitation of '4C-Labeled Protein Subunits in Polyacrylamide Gels. Due to the lack of an accepted procedure to accurately quantitate the amount of14C contained in polypeptides resolved by SDS-PAGE, three different procedures were used to determine the amount of "'C contained in each PSI subunit. Other Methods. Chl concentrations were measured in 80% acetone using the extinction coefficients of Arnon (3). P700 was determined optically at 25°C using an Aminco DW-2A spectrophotometer as described by Lam et al. (17) . Cyt concentrations were estimated from chemical difference spectra using a Cary 219 spectrophotometer (6) . EPR spectra were recorded at -10 K with an X-band Bruker spectrometer and an Oxford Instruments cryostat (19) .
Reagents. PMSF, aminocaproic acid, benzamidine, sodium cholate, octylglucoside, and Triton X-100 were purchased from Sigma Chemical Company. Dodecyl-f3-D-maltoside was purchased from Calbiochem. DEAE-Biogel was purchased from BioRad. All other reagents were of the highest quality available.
RESULTS AND DISCUSSION Purification and Properties of Dunaliella PSI Complexes. Attempts to purify a native Dunaliella PSI complex using the procedure of Mullet et al. (22) which was used with higher plants were unsuccessful in that the complexes were contaminated with LHCP II subunits, had Chl/P700 ratios of 400 to 500, and also showed numerous contaminating polypeptide subunits in the mol wt range from 30 to 50,000. The procedure of Mullet et al. (22) was therefore modified in an attempt to isolate a native complex. The modifications involved extensive washing of the thylakoid membranes with NaCl and a high concentration of NaBr to remove extrinsic subunits, followed by release of the Cyt b6-f complex with octylglucoside plus cholate. The membranes were then treated with a low concentration of Triton X-100 to solubilize the PSI complex and the complex was separated from LHCP II by sucrose density gradient centrifugation. This procedure resulted in the isolation of a PSI complex which contained approximately 200 to 250 Chl/P700 and had a Chl a/b ratio of -5. These properties are similar to those for the complexes isolated from thylakoid membranes from higher plants, and these complexes have been shown by several groups to retain the in vivo organization and composition of Chl associated with PSI (5, 22, 25 In an attempt to define the role of some of these PSI subunits, the native PSI complex has been fractionated into an LHCP I antenna and a Chl a-containing PSI core complex (11, 25) , as described in "Materials and Methods." The core complex contains -125 Chl/P700 and retains photochemical activity while the antenna complex shows no photochemical activity. As shown in lane 2 of Figure 1 , the spinach PSI-125 core complex is depleted of subunits in the 24 to Analysis of 14C-Labeled Dunaliella PSI Complexes. By growth on NaH'4CO3, it was possible to obtain '4C-uniformly labeled Dunaliella cells which could be used for purification of radiolabeled PSI complexes. The native PSI complex and the PSI-125 core complex were then isolated from these cells by the described procedures. The isolated PSI complexes had specific activities from 30,000 to 70,000 cpm/ng Chl, depending on the amount of NaH'4CO3 used in the growth medium.
Quantitation of '4C-labeled protein subunits in PSI complexes was done by three different methods, as described in "Materials and Methods." Shown in Figure 2 is an analysis of the native Dunaliella complex (PSI-200) using the procedure of slicing the gel into about 150 sections and counting each section individually. A corresponding analysis of the Dunaliella PSI core complex (PSI-125) is shown in Figure 3 . Areas under individual peaks were obtained by digitization and used for calculation of subunit stoichiometries, as summarized in Table I . Also included in this table are the analyses done by two additional methods, autoradiography and counting of individual protein subunits.
In order to calculate subunit stoichiometries, accurate mol wt must be known. In the case of PSI complexes, the two high mol wt subunits show anomalous behavior on SDS gels. While mol wt calculations based on electrophoretic mobility using standard proteins give values ofabout 60,000, amino acid sequences based on DNA sequences for these subunits (psaA and psaB genes) give actual mol wt of about 84,000 (10, 15) . The latter values have been used in the calculations of Table I . In addition, calculations are normalized to a value of one copy of the 22,000 (2, 12, 26, 29) . An autoradiogram of an SDS-PAGE analysis of the uniformly "GC-labeled Dunaliella Cyt b6-f complex is shown in Figure 4 . Three major subunits, corresponding to Cytf(mol wt-31,300), Cyt b6 (mol wt-23,700), and Subunit IV (mol wt-15,200) are present in this preparation. The fourth protein subunit normally found in the complex, the Rieske Fe-S protein, has been lost from the Dunaliella complex during the final steps of purification and is absent from the purified complex (30) .
Shown in Figure 5 is an analysis (complete gel slicing) of a DEAE-PSI complex prepared from the same membranes as used for the preparation of the cytochrome complex. The DEAE-PSI preparation was isolated using a chromatographic procedure in a high concentration of Triton X-100 in order to obtain a greater depletion of antenna subunits. The core complex, which has a Chl/P700 ratio of 75, contains only three low mol wt subunits (22, 
